• Evaluation of OD process for fruit juice concentration in hollow fibre membrane contactor • Higher water flux was achieved in feed-in-shell flow configuration • High final concentration was achieved at ambient temperature and pressure • Quality evaluation of fruit juices before and after OD process was performed • Quality characteristics of fruit juice concentrates were improved after OD process Abstract Sucrose solution, apple and orange juices were concentrated through osmotic distillation (OD) process using a mini-module Liqui-Cel TM hollow fibre membrane contactor. Mass transport characteristics of water molecules from feed to stripping solution were studied. Process parameters such as feed temperature, feed flow rate and concentration of stripping solution (CaCl 2 ) were varied. Sucrose solution was concentrated from 135 to 510 g TSS kg , respectively. It was found that quality parameters of fruit juices were well improved after the osmotic distillation process. The process therefore has good potential for application in the fruit processing industry for concentration of fruit juices.
Sucrose solution, apple and orange juices were concentrated through osmotic distillation (OD) process using a mini-module Liqui-Cel TM hollow fibre membrane contactor. Mass transport characteristics of water molecules from feed to stripping solution were studied. Process parameters such as feed temperature, feed flow rate and concentration of stripping solution (CaCl 2 ) were varied. Sucrose solution was concentrated from 135 to 510 g TSS kg -1 in 340 min using feed-in--lumen flow configuration at a start-up water flux of 0.250 L m -2 h -1 and a temperature of 30 °C. Similarly, it was concentrated up to 510 g TSS kg -1 in 200 min using feed-in-shell flow configuration at a start-up water flux of 0.505 L m -2 hr 1 and a temperature of 30 °C. In a total recycle time of 340 min, clarified apple and orange juices were concentrated up to 500 g TSS kg -1 using feed-in-lumen flow configuration at a start-up water flux of 0.204 and 0.294 L m -2 hr 1 However, these rejected fruits possess pleasant aromas and high sugar content and can be utilized in the fruit juice concentration industry [2] . The production of higher quality fruit juices can contribute towards the increased export earnings and sustainable economic growth. One of the challenging problems for food scientists and process engineers is the development of innovative, energy efficient, environment friendly and higher aroma recovery processes for the concentration of fruit juices [3] . Membrane separation processes are one of the solutions that can safely address this challenge. There are wide applications of membrane technology in the production of quality food products, the main benefits being easy operation, better quality product, low operational cost and possibility of treating different products with the same processing facility [4] [5] . Production of fruit juice concentrates reduces handling losses, storage volumes and transportation costs along with stability against microbial and chemical degradation [7] . Color degradation and loss in thermo-sensitive compounds due to thermal treatment are some of the major issues in the conventional juice concentration processes [8] . Compared with traditional juice concentration techniques, several membrane-based processes, such as reverse osmosis, direct contact osmosis, membrane distillation and osmotic distillation have been used for the concentration of fruit juices [9] [10] [11] [12] [13] [14] . Osmotic distillation (OD) offers several advantages, like better product quality, low energy consumption, higher final concentration and operation at ambient temperatures [9,15--17] . Disadvantages of OD include membrane pore wetting, low permeate flux and flux decay that are still the barriers for its development [18] [19] [20] .
OD works on the principle of water activity gradient across the micro-porous hydrophobic membrane. On one side of the membrane is a diluted feed solution, while on the other side is a concentrated salt solution. The process works under atmospheric pressure and at ambient temperature [8, 21] . The mass transfer occurs by three mechanisms: evaporation of vapours from feed side due to higher vapour pressure, transfer of vapour inside the micro-pores of hydrophobic membrane and condensation of vapour at lower vapour pressure side, i.e., salt solution [22] .
The concentration of fruit juices and sucrose solution through OD has been studied by various researchers for evaluation of evaporative flux and preservation of juice quality [16, [23] [24] [25] [26] . Courel et al. [25] investigated the effects of operating conditions on evaporative flux for concentrating sucrose solution through OD in flat sheet membrane. The most important parameter in OD is the selection of proper stripper solution. A variety of organic solvents (such as glycerol and polyglycerol) and inorganic salts (NaCl, CaCl 2 , MgCl 2 and MgSO 4 ) have been used in different studies [27] . Although organic solvents offer the advantages of lack of scaling and corrosion effects as well as equivalent water flux rates, yet their higher costs make them uneconomical. On the other hand, NaCl, MgCl 2 and MgSO 4 have a limited driving force because of low solubility. Among all these strippers, CaCl 2 is found to be the most effective stripper.
Although flat sheet membranes have been used in studies on fruit juices concentration through OD, hollow fibre membrane contactors are the preferred choice for industrial scale OD processes. The reasons are high active surface area, low manufacturing cost, easy scale up and separation of components at low pressures [28] . It has been found to be a cost-effective technology and is therefore used to supplant or replace other technologies that may or may not be membrane based [29] . Module design is critical to optimizing process performance [30] . Concentration of fruit juices through OD in hollow fibre membrane contactors is currently an attractive research area that requires further exploration for optimization, intensification and commercialization of the process [7, 11, 15, 31] . The added advantage of OD in hollow fibre membrane contactors is the preservation of total phenolic compounds after the concentration of fruit juices [32, 33] . On the other hand, some of the problems being faced in hollow fiber membrane contactors are lower flux, concentration polarization effects and pore wetting [34] . Concentration polarization and fouling reduces membrane efficiency. Though routine cleaning of membrane with chemicals reduces the part of adsorption resistance, irreversible fouling of membrane cannot be completely eliminated [35] .
Sanaz et al. thoroughly reviewed the impact of membrane wetting on mass transfer resistance and absorption efficiency, the effect of influencing parameters (operational conditions, type and concentration) and membrane (hydrophobicity, pore size and porosity) properties on wetting phenomenon, as well as different methods to prevent membrane wetting, along with their advantages and drawbacks [36] .
In the present study, an attempt is made to inves-tigate flux decay, quality analysis of fruit juices and optimisation of process parameters through OD in a laboratory scale hollow fiber membrane contactor module using lumen and shell side counter current flow configurations. Sucrose solution and clarified apple and orange juices were used as feed to evaluate process performance. Quality tests like total soluble solids, pH, total acidity, ascorbic acid, density and total phenol were conducted to find the effect of osmotic distillation on product quality.
EXPERIMENTAL

Materials (process fluids)
Sucrose solution was prepared by dissolution of sugar in deionised water. Clarified juice was obtained by removing pulp from juice through a multichannel tubular ceramic membrane module (Nanjing H&C Water Treatment Equipment Co., Ltd, Model HCCM--200-40-19-06) having a membrane surface area of 0.08494 m 2 and mean pore diameter of 2 µm. In the current study, calcium chloride (CaCl 2 ) solution was used as a stripper because of low cost, easy availability in the local market and higher solubility of CaCl 2 in water causing higher driving force across the membrane [37, 38] . Concentration of sucrose solution was measured with a microprocessor-controlled hand held digital refractometer, (0-800 g TSS kg -1 ), PAL-1, Atago, Japan. Effects of operating variables on water flux across the membrane were determined using feed in-lumen and feed in-shell flow configurations at stripper concentrations of 6, 5 and 3.5 M, feed temperatures of 23, 30 and 35 °C and feed velocities of 0.0052, 0.0044 and 0.0037 m s -1 .
Membrane contactor specifications
Experimental study for the concentration of fruit juices through OD was performed in a Liqui-Cel TM mini-module (model X-50) hollow fibre membrane contactor. The product data sheet according to manufacturer is given in Table 1 . The experimental setup as shown in Figure 1 consisted of hollow fibre membrane contactor, two laboratory scale peristaltic pumps and flow meters.
Maximum flow rate of the pump was limited to 120 mL min -1 . Flow rates of feed and stripper streams were measured with flow meters and were varied by adjusting the rotating knob. The operating pressure was kept constant in both streams during the experiment. The membrane contactor was connected through flexible food grade plastic pipes to two small storage tanks, one for fruit juice and the other one for stripper, with a capacity of 0.5 and 2 L, respectively. Temperature was measured with a digital temperature sensor and controlled in a regulated temperature bath. Feed and stripper solutions were constantly stirred with magnetic stirrers during the experiment.
Plan of experiment
At the start of each experiment, the module was first washed with deionised water. Initially, sucrose solution and thereafter, fruit juices were used as feed solutions in experimental setup for OD process. Each experiment was repeated three times and the mean value was taken. The accuracy of values was noted to be among 4-10%. The stripper was introduced on the shell side, while the sucrose solution as a feed was passed through the lumen side of the contactor in a counter flow fashion. The flow configuration was then reversed, i.e., the sucrose solution was fed on the shell side and the stripper on the lumen side of the membrane contactor. Both streams were recirculated to their respective storage tanks, thus operating in total recycled mode. The permeated volume of water across the membrane was measured by determining the change in volume of feed solution in fixed time duration. The water flux was then calculated according to the basic definition of flux: . Membrane cleaning is essential for increasing the life of contactor and achieving stable flux in OD processes. The hollow fiber membrane contactor module was thoroughly cleaned after each experimental run. The membrane setup was washed with deionised water for about 30 min without recycle. After that, 2% NaOH solution was circulated at a flow rate of 88 mL min -1 for 40 min, followed by 2% citric acid solution for 20 min to avoid any bacterial and fungal activity within the membrane. Finally, the contactor was washed with deionised water followed by absolute alcohol. The module was dried by purging air through lumen and shell sides of the contactor at room temperature and at a flow rate of 0.84 m 3 h -1 (14.33 L min -1 ) for about 30 min. The membrane module was re-usable after drying.
Quality tests for fruit juices
Fruit juices were analysed for quality parameters before and after OD process. Total soluble solids were calculated with a hand held refractometer. pH was determined using a digital pH meter. Acidity, vitamin C and moisture contents were evaluated using standard Association of Official Analytical Chemists [39] methods. Total phenolics were mentioned as mg L -1 of gallic acid and calculated using the Folin--Ciocalteu (FC) reagent method [40] . Thermal properties such as thermal conductivity were measured with needle probes. Thermal conductivity was determined by inserting a needle probe into the sample and measuring its response. A thermocouple and a heater were attached to the probe. This method is suitable for measurement of thermal conductivity in materials that are in liquid or semi-liquid form. Specific heat capacity and latent heat of fusion were determined with an electrical calorimeter, which constituted the combination of container, stirrer, lid, thermometer, immersion heater and shield assembly. The feed solution was heated by an electrical immersion heater and the input energy (H) and the rise in temperature were determined. If the mass of the feed solution is m and its specific heat capacity is c, then:
where Q is heat flux, θ 0 and θ 1 are the initial and final temperatures of the solution and q is the heat loss.
Using the cooling correction, the value of q may be found.
Thermal diffusivity was calculated from conductivity, density and specific heat capacity relationship using Eq. (2) Figure 2 . It was found that rising temperature of the sucrose solution caused an increase in sucrose concentration. The driving force for the process is given by a difference in water activity between the stripping solution and the feed solution. Increase in temperature reduced the viscosity of stripping and feed solutions, thereby improving the evaporation flux. Thus, at a specific time of operation, the concentration is higher for higher temperatures. It is shown that an increase in feed temperature from 23 to 35 °C caused an increase in the feed concentration by 180 g TSS kg -1 in 340 min. However, temperature should be adjusted in such a way that the quality of solution remains unaffected after concentration.
Water flux as a function of processing time in total recycled mode is also shown in Figure 2 . Experimental investigation showed that feed with higher temperature has higher flux as compared to that at low temperature. The increase in flux due to temperature has already explained by Hongvaleerat et al. [16] . Increasing temperature from 23 to 35 °C raised the average flux by 25%.The irregular trend in water flux decline is due to the pulsating flow rate caused by peristaltic pumps at low flow rates, which consequently caused the concentration polarization to be dominant in the boundary layers.
Relatively high values of flux were observed in the beginning of the experiment. This is due to the fact that the feed was very dilute and all the membrane surface area was available for OD. The obtained results were in agreement with the results obtained for sucrose solution at laboratory scale studied by Courel at al. [25] . The observations showed decreasing flux trend with the operating time because of increased concentration polarization effects. If the driving force is low, the concentration polarization effect is less pronounced [41] . The decrease in water flux is also due to dilution of the stripper solution. The vapour pressure of stripper solution is decreased, which consequently leads to a decrease of driving force for water transport from the feed across the membrane [42] . This can be overcome by using higher volumes of stripper solution to prevent excessive dilution during the operation. The stripper solution may be regenerated by evaporating the water. Flux decline can be reduced by proper adjustment of process parameters. This gradual intermittent flux decline is observed as the feed sucrose concentration is increased in a recycled based continuous operation of OD. The water flux was noted to be 0.158 and 0.250 L m -2 h -1 at the feed temperature of 23 and 35
°C, respectively, at the start of the experiment. However, flux decline was observed with the passage of juice processing time and it was noted to be 0.051 and 0.089 L m -2 h -1 , respectively, after 300 min of continuous recycled based processing. Gradual decline of water flux at high feed concentration is attributed to the strong influence of the concentration level on water flux during slight decrease in stripper concentration [42, 43] .
Feed-in-shell flow configuration
Experiments were conducted with feed-in-shell flow configuration to observe sucrose concentration in feed tank and water flux across the membrane. The temperature was fixed at 23, 30 and 35 °C for the individual set of experiments in total recycled mode. Figure 3 shows that the feed concentration increases with the passage of time and with the increase in feed temperature. As discussed earlier, the driving force for the process is water activity gradient between the stripping solution and the feed solution. Increase in temperature reduced the viscosity of stripping and feed solutions, thereby improving the evaporation flux. Hence, at a specific time of operation, the concentration is higher for higher temperatures. Sucrose concentration increased up to 400, 470 and 530 g TSS kg -1 in 200 min at feed temperatures of 23, 30 and 35 °C, respectively. Figure 3 also shows that in the feedin-shell flow configuration, the sucrose solution was concentrated to a certain value, e.g. 400 g TSS kg -1 in 180 min, as compared to feed-in-lumen flow configuration, which took 280 min to reach this value.
Temperature also has a substantial effect on permeate water flux, as illustrated in Figure 3 . Incremental change in the feed bulk temperature from 23 to 35 °C resulted in higher water permeate fluxes and was observed to be ∼2 times higher. The highest flux was 0.505 L m -2 h -1 at 35 °C. The results plotted in Figures 2 and 3 show higher average flux for feed-inshell flow configuration as compared to that for feedin-lumen flow configuration. This is due to the fact that on the shell side of the membrane contactor there are lower concentration polarization effects as compared to the lumen side of the membrane contactor [43] . Likewise, the lumen side of the membrane contactor offers lower surface area as compared to the shell 
Effect of stripper concentration
Concentration gradient has been proven to be the driving force across the membrane in OD processes. In order to study the effect of concentration gradient, sucrose feed solution of 135 g TSS kg -1 was processed with three different concentrations of stripper solution, i.e., 6, 5 and 3.5 M. All other parameters were kept constant. The results are shown in Figure  5 . It has been shown that the increase in concentration of sucrose solution was much low for stripper concentration of 3.5 M due to low driving force across the membrane. In case of 6 M stripper solution, the sucrose solution concentration reached the highest value of 530 g TSS kg -1 in 340 min of processing time as compared to 460 g TSS kg -1 for 5 M stripper solution. On the other hand, sucrose solution was concentrated to only 370 g TSS kg -1 at 3.5 M stripper solution in 340 min of processing time. Similar effects have also been observed by Babu et al. [45] .
Several researchers have observed that increasing the stripper concentration causes an increase in vapour pressure gradient across the membrane [46] [47] [48] [49] [50] [51] . Hence, high concentration of sucrose solution was achieved in less time when the stripper solution was more concentrated thereby reducing the operation time. Although stripper concentration of 6 M resulted in a higher final sucrose concentration, due to higher tendency of CaCl 2 crystallization at this concentration and trade-off issue between the concentration and the cost of the stripper for economical operation, 5 M concentration of stripper was chosen for further experiments.
The relationship between water fluxes across the membrane as a function of operating time is also represented from experimental data in Figure 5 configuration. Similarly in 320 min, juice was concentrated to a value of 530 g TSS kg -1 in total recycled mode for feed-in-shell flow configuration. The concentration profile is similar to that for sucrose solution. It can also be observed that water flux dropped from 0.204 to 0.047 L m -2 h -1 for feed-in-lumen flow configuration and from 0.264 to 0.089 L m -2 h -1 for feed--in-shell flow configuration. However, there was a faster flux decline at the start of the experiment. After that, the flux showed a gradual sluggish decrease with the processing time. Aguiar et al. [9] conducted experiments to concentrate clarified apple juice up to 512 g TSS kg -1 through OD in flat sheet membrane. They observed water flux ranging from 0.01 to 1.55 L m -2 h -1 . The qualitative tests as reported in Table 2 have shown that OD results in an increase in some of the characteristics (total soluble solids, pH, total acidity, ascorbic acid, density and total phenol) of apple juice after concentration in hollow fibre membrane contactor which can be attributed to the decrease in water content of final juice concentrate. On the other hand, thermal properties like thermal conductivity, specific heat capacity, latent heat and thermal diffusivity of the apple juice were found to decrease with increasing concentration of juice. Possible reason for this fall may be the lower water content in concentrated juice. The final achieved concentration was 510 g TSS kg -1 .
Clarified orange juice concentration
The clarified orange juice was also processed through OD. Orange juice was concentrated up to 500 g TSS kg -1 with an average flux of 0.081 L m -2 h -1 at a Figure 7 . In this case, the water flux ranged from 0.294 to 0.081 L m -2 h -1 . Comparing the water flux achieved for clarified orange juice with that for sucrose solution, it is found from Figures 2, 3, 6 and 7 that water flux is greater for clarified orange juice as compared to that for sucrose solution, under similar operating conditions. For example, flux achieved for clarified orange juice is 0.294 and 0.127 L m -2 h -1 after a lapse of 40 and 200 min, respectively. It is larger than that achieved for apple juice that is 0.200 and 0.090 L m -2 h -1 at the same operating conditions. High values of flux obtained for clarified orange juice are attributed to low total soluble solids as compared to apple juice. It can also be observed that orange juice concentrated more quickly as compared to apple juice. For example, orange juice concentrated to 470 g TSS kg -1 in 300 min as compared to apple juice concentrated to 435 g TSS kg -1 in same time. Clarified orange and apple juices and their concentrates were also tested for the main physicochemical characteristics. These included the total soluble solids, pH, total acidity, ascorbic acid, total phenol, moisture content, thermal conductivity, specific heat, latent heat and thermal diffusivity. The quality results of juice samples before and after OD are listed in Table 2 . Results are quoted as mean ± standard deviation (SD) of three independently determined values. As mentioned earlier, the qualitative tests as reported in Table 2 show an increase in some of the characteristics (total soluble solids, pH, total acidity, ascorbic acid, density and total phenol) of apple juice after concentration in hollow fibre membrane contactor which can be attributed to the decrease in water content of final juice concentrate. On the other hand, thermal properties like thermal conductivity, specific heat capacity, latent heat and thermal diffusivity of the orange juice were found to decrease with increasing concentration of juice. Lower water content in concentrated juice may also be the possible cause for this fall. Total acidity and ascorbic acid appeared to be lower in apple juice concentrate as compared to orange juice concentrate. Total acidity for apple and orange juice concentrates was 19.8 and 70.2 mg/100 mL of citric acid, respectively in 300 minutes of total recycled mode. Similarly, ascorbic acid for apple and orange juice concentrates was 53.1 and 420 mg/100 mL of ascorbic acid, respectively in 300 min of total recycled mode. Quality perseverance of fruit juice can also attributed to high molecular weights and low diffusivity through the membrane. pH of both orange and apple juice concentrates was 4±1.5, which is more suitable for conservation during storage [42] .
CONCLUSIONS
The present study aimed to evaluate the performance of osmotic distillation (OD) process for the concentration of sucrose solution and apple and orange juices. OD was able to concentrate sucrose solution and clarified apple and orange juices up to 510 g TSS kg -1 at feed temperature of 30 °C, stripper concentration of 5 M and feed flow velocity of 0.0044 m s -1 . Feed-in-shell flow configuration showed relatively low flux decline and faster increase in feed concentration as compared to feed-in-lumen flow configuration, as there was low pore blockage in case of shell side feed flow. The results have shown that increase in temperature, stripper concentration, and flow rates tend to enhance the OD performance. Optimization of process parameters and increasing the membrane exposed area will improve OD flux, thereby reducing the operation time. The quality tests confirmed that OD can improve quality characteristics of fruit juice concentrates.
Nomenclature
OD
Osmotic distillation TSS Total soluble solids Molarity (M) mol solute/liter of solution
